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10.1 INTRODUCTION

Electrochemistry is a discipline of chemistry that studies chemical processes that 
produced at electrodes. Electrochemistry has diver’s applications in daily life; this 
includes electroplating, separations of salt, organic and inorganic synthesis, sensors, 
pollution control, energy, etc. Over the globe, the most of the electrochemist use 
the boon of electrochemistry especially conversion of chemical energy to electrical 
energy. The different batteries, supercapacitors and fuel cells are the most common 
gifts of electrochemistry to the mankind. The batteries are used to power a vari-
ety of devices, including electric vehicles, smartphones, electronic tablets, watches, 
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pacemakers and many others. Chemical reactions in batteries provide power that can 
be transformed into useful work. The transport of the electrons also occurs in the 
electrode material, electrode current collector interface and outer circuit in electro-
chemical applications. The processes take place in a system called the cell. In many 
systems, the reactions take place in a cell, where electrons are transferred between 
electrodes.

A rechargeable battery is an electrical device, which has many electrochemical 
cells together. Batteries involve electrically reversible electrochemical reactions and 
therefore known as secondary cell. While discharging of the battery, stored charges 
depleted slowly however during charging chemical reaction get reversed to restore 
new charges. With the advent of portable devices such as notebook computers, cell 
phones, MP3 players and cordless power tools, the demand for rechargeable batteries 
has increased dramatically in recent years. In 1859, the invention of lead-acid ele-
ment by French physicist Gaston Plante opened a research filed toward new technol-
ogy based on battery and still researches are going on battery system. Plante batteries 
with lead anodes, lead dioxide cathodes and sulfuric acid electrolyte are the pioneers 
of modern car batteries.

Both the primary batteries (nonrechargeable) and secondary batteries (recharge-
able) work in exactly similar way. Electrochemical reactions developed between the 
both electrodes (anode and cathode) and electrolyte to generate electricity. However, 
for rechargeable batteries, the reaction is reversible. When external power is applied 
to the secondary battery, the electron flow generated during the discharge is reversed 
from negative to positive and the charge of the battery is restored. After nickel-
metal hydride (Ni–MH) and nickel-cadmium (Ni–Cd) batteries, the most common 
rechargeable battery is Lithium-ion battery (LIB), which is available in market pres-
ently. The construction of a rechargeable battery is shown in Figure 10.1 [1].

FIGURE 10.1 Construction of rechargeable battery [1].
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10.2 NANOMATERIALS FOR RECHARGEABLE BATTERIES

The demand for energy materials is increasing at its fast pace; lots of new materi-
als are been explored in order to meet the demand of the market. Nanomaterials of 
batteries in applications are gaining momentum day by day because of its versatile 
properties; it is meeting the demands of smart power enhanced and efficient batter-
ies which can be used in electric vehicles, storage devices, plug in vehicles. In the 
present context, the climate change has given new dimensions for the search of those 
nanomaterials, which are environmentally friendly and can be easily recycled so that 
the dependence on fossil fuels can be minimized and the pollution can be checked 
at a large scale. Research on application about the nanomaterials in batteries was 
done by the global nanomaterials in batteries and supercapacitor market and the 
report predicted that the market size will grow for the period from 2021 to 2031. In 
Table 10.1, it has been shown the different parameters needed for the commercial-
izations of nanomaterials in batteries. Moreover, the ongoing research in different 
companies of the countries for the exploration of different nanomaterials, depending 
on the various issues, are listed in Table 10.1.

The rechargeable batteries are becoming more and more important in our daily 
lives with their powerful ability to effectively store electrical energy in chemical 
form. Replacing traditional liquid electrolytes with polymer electrolytes (PEs) is con-
sidered to be one of the most feasible solutions for the development of higher energy 
density and safer electrochemical energy storage systems, which are eagerly used in 
electric vehicle applications. In recent years, to coordinate the advantages and to mod-
ify the material according to our needs using organic phase and the inorganic phase 
electrolyte, the introduction of organic–inorganic hybrid nanomaterials in PE has 
attracted more and more attention. Polyhedral oligomeric silsesquioxanes (POSSs) 
are one of the most attractive latest technologically important hybrid nanostructured 

TABLE 10.1
Different Companies of the Countries for the Exploration of Different 
Nanomaterials Depending upon the Various Issues

Countries
Brands of the 
Companies

Scope and 
Segment

Analysis based on Following 
Factors

United States, 
Southern Asia, 
Canada, France, 
Germany, United 
Kingdom, South 
Korea, Taiwan, 
China, Japan, Brazil, 
Russia

Ampirius Inc.;
BAK Power;
Be-Dimensional;
Bodi Energy;
Dongxu Optoelectronic 
Technology Co. Ltd.;
Nexeon;
Ray Techniques Ltd.;
Skeleton Technologies 
Group OA;
HE3DA S. R. O

Company;
Region (Country);
Type;
Application;
Revenue;
Forecast by region;
Participants;
Stakeholders

Market overview;
Industry and applications;
Prospects of growth in revenue;
Competition in the market:
Region wide consumptions and 
production;
Upgradation in technologies;
Analysis of supply chains;
Landscapes
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material having combined properties of organic–inorganic. In its structure, organic 
functional groups are attached to the inorganic nano-sized cores. POSS is known 
for its low density, adjustable surface properties, high thermal stability and good 
mechanical strength with polymers in the form of nanocomposites, which can be 
used as nano-filler in different systems. In recent years, the paradigm shift from solid 
polymer electrolyte (SPE) to nanocomposite hybrid polymer electrolyte (NCHPE) in 
rechargeable battery applications was highlighted mostly in many research reports.

The increases in conduction mechanism enhance the capacity of electrodes. The 
reduction in diffusion length in lithium ion at nanoscale is one most important appli-
cation of nanotechnology in alkaline batteries. The thin films fabricated using the 
nanomaterials increase the transport properties of the electronic conduction. It helps 
in ion storage by increasing the surface area of the electrode materials. Mesoporous-
ordered structure generally favors the kinetic of electrode. It also helps in enhancing 
the life cycle of batteries. The main area of research is to find those nanomaterials 
which can be used in electrodes having a high surface area as it will increase the 
energy density and capacity of the batteries; moreover, it will also increase the lifes-
pan and efficiency of the batteries. Safety and cost-effectiveness are also the primary 
factors for the search of new nanomaterials.

The nano-batteries are also being manufactured using nanotechnology. These bat-
teries can be combined together to form macro battery with increased efficiency. The 
nanomaterials can also be used as coating in order to separate the electrodes, thus 
causing low self-discharge. Although nanomaterials have lots of advantages, there 
are some shortcomings such as low density with large surface area which result in 
high resistance exists, thus reducing the conductivity and stability of the battery. 
Nevertheless, nanoparticles are also difficult to synthesize as a result the manufactur-
ing cost increases.

There are huge potentials of nanomaterials to be used in batteries, as it can be 
used as a coating material for electrodes. With its use, the surface the charging 
time will also get reduced. The of nanomaterials is used in different battery, viz., 
nickel-cadmium battery, nickel metal hydride battery, LIB, sealed lead-acid battery, 
sodium-ion battery, etc. Nanomaterials and nanotechnology are the future of recent 
batteries, although there are many challenges related to its efficiency and cost, still 
the research studies are going to explore new materials for battery.

10.3 LEAD-ACID BATTERY

In 1859, Lead-acid batteries which are the oldest rechargeable batteries were invented 
by French physicist Gaston Plante. These are one of the most common secondary 
batteries used mostly for loading large cell potential. Lead-acid batteries are capable 
to supply high value of current, which requires maintaining high power to weight 
ratio by cells. Lead-acid batteries are low-cost batteries with high power to weight 
ratio; therefore, they become a suitable candidate for their use in automobiles, golf 
cars, forklifts and other vehicles, which require high currents. The hazards include 
heavy mass, incompetence under low temperatures and incapability to maintain its 
capacity for long intervals of time through disuse [2].
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Usually, lead-acid battery consists of lead oxide (PbO2) as cathode, lead (Pb) as 
anode and aqueous solution of concentrated sulfuric acid (H2SO4) as electrolyte. 
The chemistry behind lead-acid battery and its principal components are given in 
Figure 10.2. 

The standard reversible electrochemical reactions in a lead-acid battery are shown 
as follows:

 �At cathode : PbO 3H HSO 2e 2H O PbSO2 4
–

2 4+ + + ++ −  (10.1)

 �At anode : Pb HSO PbSO H 2e4 4
–+ + +− +  (10.2)

 �Overall reaction: Pb PbO 2H SO 2PbSO 2H O.2 2 4 4 2+ + +  (10.3)

It can be seen that after complete discharge, anode and cathode both are con-
verted into lead sulfate (PbSO4); also, water produces after losing most of the 
dissolved H2SO4 in electrolyte. When fully charged, the cathode and anode 
are made of PbO2 or Pb. The electrolyte converts back into concentrated H2SO4. 
The majority of the electrochemical energy is stored in such a fully charged state. 
Lead-acid batteries suffer with their low-energy density (~40 Wh/kg) [3] and 
have 85% Coulombic efficiency and 70% energy efficiency. They have the lowest 
storage capacity of any other rechargeable batteries and are typically large and 
heavy. Therefore, lead-acid batteries are unable to store a large amount of energy 
which can increase battery weight and practically limits their applicability in 
electric vehicles. The different components of a lead-acid battery are shown in 
Figure 10.3 [2].

FIGURE 10.2 Nanomaterials for rechargeable batteries.
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10.4 ALKALINE BATTERY

The alkaline electrolyte-based batteries were first developed in 1899 by Waldemar 
Jungner. Lewis Urry developed a button alkaline cell in 1949 and put it in the market 
by Ray-O-Vac Co, USA. In 1950, Lewis Urry invented zinc/manganese dioxide dry 
alkaline battery with high specific energy and relatively low cost. In 1957, Marsal, 
Larl and Urry filed a US patent (US2960558A) for the alkaline battery and granted 
it in 1960 [4]. Zinc alkaline batteries had leakage problems and decreased self-life 
in the late 1960s. To prevent the electrolytic action on impurity sites, a film of mer-
cury amalgam was used on a zinc electrode [5]. A French company in the 1970s 
introduced a battery of better performance at a low cost with a new plastic-bonded 
negative electrode and sintered positive electrodes.

In the late 1980s, inspired by the increasing demand for high volumetric energy, 
Dr. Oshitani developed positive electrode foam technology which increased volu-
metric energy up to 30%. Mercury degrades the stability and purity of the electrode 
so the minimum use of mercury was required [6]. In 2005, after a century after the 
discovery of the Ni–Cd cell, Dr. Bernard et al. introduced a plastic-bonded positive 
electrode which exhibit high electrochemical performance at a lower cost using sin-
tered electrode technologies. Modern alkaline batteries have manganese dioxide as a 
positive electrode and zinc negative one. This battery is called alkaline battery only 
because of an alkaline electrolyte used in it. Nickel-cobalt (Ni–Co) electrode materi-
als give high capacitance, high abundance and good cycle stability [7]. Furthermore, 
nickel-based electrodes are redox active and good electrically conductive material 
for energy storage applications [7]. Moreover, the comparative studies between dif-
ferent types of batteries and commercially available nickel battery sizes are demon-
strated in Tables 10.2 and 10.3, respectively.

10.4.1 ziNc maNgaNeSe dioxide (zN–mNo2)

The zinc manganese dioxide (Zn–MnO2) batteries are suitable for industrial applica-
tions where moderate amounts of electricity are needed. These batteries are com-
monly used worldwide in digital cameras, toys, flashlights, radios, compact disc 
players, etc. The low cost of material and high energy density application are other 

FIGURE 10.3 Chemistry and principal components of a lead-acid battery [2].
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advantages of Zn–MnO2 battery, which enhance the scientists interest in commer-
cialization and engineering. In Zn–MnO2 battery, the negative and positive electrodes 
are Zn and MnO2, respectively. In the discharging process of Zn–MnO2 battery, only 
electrode materials (Zn & MnO2) take part in the reaction, as seen in the reaction 
below:

 �Zn 2MnO ZnO Mn O2 2 3+ +  (10.4)

During the reaction, the alkaline electrolyte KOH remains in equal amount of OH− 
based on the contents of zinc in the KOH electrolyte and purity of manganese diox-
ide used; the nominal voltage of Zn–MnO2 battery is 1.5 V; however, it varies from 
1.50 V to 1.65 V. The Zn–MnO2 battery has varying voltages, 1.3 V to 1.1 V, which 
depend on the current drawn and load level of discharge. After fully discharge, bat-
tery of 1 V potential still remains.

Recently, Zhang et al. reported a high capacitive rechargeable Zn–MnO2 bat-
tery system with a mild-acidic zinc triflate electrolyte. The aqueous zinc/manganese 
triflate electrolyte formed the protective porous MnO2 layer. In Figure 10.4a, Zn–
MnO2 batteries delivered 10% capacity depth of discharge and lower cycle stabil-
ity. Recently, the rechargeability of Zn–MnO2 battery has been improved by using 
a mild zinc-based acidic electrolyte. Figure 10.4b shows the reversible extraction/
insertion of Zn2+ ions in the layered structure. A significant improvement finds in 
the cycling stability of zinc manganese dioxide battery employing Mn(CF3SO3)2 and 

TABLE 10.2
Comparative Studies between Different Types of Batteries

Types of 
Batteries Cathode Anode Electrolyte

Alkaline Manganese dioxide Zinc Aqueous alkaline

Lead acid Lead dioxide Lead Sulfuric acid

Nickel Nickel oxyhydroxide Cadmium, hydrogen 
absorbing alloy

Potassium 
hydroxide

Lithiumion Lithium nickel manganese cobalt oxide
(LiNiMnCoO2)
Lithium nickel cobalt aluminum 
(LiNiCoAlO2)

Carbon-based 
typically graphite

Lithium salt in an 
organic salt

TABLE 10.3
Commercially Available Nickel Battery Sizes

Sizes D C AA AAA Sub C Nine Volts Button

Diameter in mm 34.2 26.2 14.5 10.5 22.2 26.5 Varies in Ni–MH

Length in mm 61.5 50 50.5 44.5 42.9 48.5 Variable size exists
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concentrated Zn(CF3SO3)2 electrolyte which can be seen in Figure 10.4c. The cycle 
stability was found to be 94% after 2000 cycle with a high reversible capacity of 
225 mA/h/g [8]. 

10.4.2 Nickel-BaSed alkaliNe BatterieS

With the growth of technology, the need for rechargeable batteries has increased 
manifold; lots of research studies are taking place to improve their efficiency so that 
they can be used in all types of electronic devices, vehicles, aeronautics industry, etc. 
In the last few years, the market has been commercialized in terms of hybridization 
topologies in order to increase the energy density and power density of the batter-
ies. However, the electric double-layer capacitors and lead-acid batteries have solved 
many problems related to enhanced efficiency in terms of power and energy, longer 
life span, thermal stability. Still, the biggest challenge lies in the increased price as 
it is not cost-effective. In this context, nickel plays a significant role as it gives high 
energy density and better storage capacity at a very lower cost as compared with 
other batteries.

The nickel metal is the fifth most commonly found naturally occurring element 
on the earth surface. It has a silvery white shining appearance; it easily forms alloys 
because of its chemical properties. It has good catalytic and magnetic properties and 
can be easily recycled. From the mid-90s, its use is much more commercialized in 
battery technology and has a good market share. The most commonly used batter-
ies like nickel cobalt aluminum use 80% nickel, whereas nickel manganese cobalt 
uses 33% nickel [9]. Most of the LIBs also rely on nickel. The nickel batteries are 
generally rechargeable and used in portable electronic devices, hybrid vehicles and 
stationary storage mechanisms. The main features include a discharge curve which 
is flat; it has a wide range of temperature operations. It is environmentally friendly 
as it can be easily recycled. Overall, it has a robust mechanism that is physically and 
chemically tolerant toward charging and discharging.

FIGURE 10.4 Zn–MnO2 battery chemistry. Schematic illustration of (a) the primary alka-
line Zn–MnO2 battery using KOH electrolyte and (b) the rechargeable Zn–MnO2 cell using 
CF3SO3-based electrolyte. (c) Comparison of the cycling performance of Zn–MnO2 cells with 
electrolytes of 45 wt% KOH (at 0.32 C), 3 M ZnSO4, 3 M Zn(CF3SO3)2, and 3 M Zn(CF3SO3)2 
with 0.1 M Mn(CF3SO3)2 additive at 0.65 C. nC equals the rate to charge/discharge the theo-
retical capacity (308 mA/hg) of MnO2 in 1/n hours. (Reproduced from ref. [8] with permis-
sion from Springer Nature, © 2017.)



235Rechargeable Batteries with Nanotechnology

The nickel, along with manganese or aluminum, is used in LIBs to increase its 
longevity as well as proper capabilities. Also, nickel (tabs) strips are being made 
from ferromagnetic nickel alloy 201, which is highly conducting and noncorrosive in 
nature. Moreover, its resistance is also very low, making it viable to use as it is safe, 
heat resistant and there is no waste of energy. The nickel foam is used as it is porous 
with 75% to 95% void spaces, making it the perfect material to be used as a current 
collector due to its low density.

The nickel batteries consist of a cathode, anode and separator. The separator 
should be porous enough for the chemical reactions to take place. These three ele-
ments are mainly wound in Swiss roll or jelly roll type structure. At the top of this, 
the structure is a metal tab that connects the anode to a sealing plate, which seals the 
corrosive electrode and acts as a self-sealing vent that allows gases to escape if there 
is overcharging of the battery [10]. There are different types of nickel-based alkaline 
batteries, viz., nickel-iron (Ni–Fe) battery, nickel-zinc (Ni–Zn) battery, nickel-cad-
mium (Ni–Cd) battery and nickel-cadmium (Ni–Cd) battery. We have discussed in 
detail about these batteries in the following subsection.

10.4.2.1 Nickel–Iron (Ni–Fe) Batteries
Nickel-iron (Ni–Fe) batteries are rechargeable batteries and are much commercial-
ized because they are much cheaper. It was the first commercialized nickel battery. 
The glory that adds to this battery is its long life and environmentally friendly.  
Nickel and iron as raw material are the most abundant material found on earth, which 
makes them cheaper [11]. It uses Fe as anode and Ni as cathode with KOH as an 
electrolyte. This is more resilient toward charging and discharging and maintaining 
its thermal stability and internal resistance [12]. Moreover, the energy density of 
nickel-iron batteries is in the range of 20–50 Wh/Kg, power density 65–90 W/Kg 
and cycle life 2000–5000 cycles. They have an excellent life cycle and are mainly 
used in locomotive applications, with the recent development of sintered electrodes 
where the nickel oxide cathode finds its applications in electric vehicles [13]. The 
main advantages of Ni–Fe battery are good resistance against vibrations. The operat-
ing life is long; hence, it is very much durable. It has good response toward charging 
and discharging of the battery. However, it is being observed that at low temperature 
its performance is very poor. Another setback is the rate of discharging as it is very 
high, nearly 40% every month. The specific energy is also very low, approximately 
50 Wh/kg, which makes it less viable to get commercialized.

10.4.2.2 Nickel–Zinc (Ni–Zn) Battery
It is one of the rechargeable batteries which have good performance in high drain 
applications. As nickel and zinc are naturally occurring materials on the earth crusts, 
hence it is less expensive. The use of zinc electrodes has made it commercially com-
petitive with other batteries existing in the market. This cell has got a voltage of 
1.85 V in an open circuit when fully charged. A Ni–Zn battery has a similar curve 
in charging and discharging with a higher voltage (~1.7 V) as compared to Ni–Cd 
and Ni–MH batteries. It has got low internal resistance and high power density with 
excellent performance at low temperatures. Ni–Zn batteries use no toxic elements 
like Ni–Cd; hence, it is not a threat to our environment and can be easily recycled. 
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It  is  also inflammable as it uses on active materials, so it is safe to use [14,15]. 
Figure 10.5 demonstrates the internal structure of power Genix Ni–Zn battery [15].

In Ni–Zn batteries, nickel is also used as a positive electrode and zinc as a nega-
tive electrode. The chemical reaction at positive and negative electrodes is given in 
Equations (10.5) and (10.6), respectively.

 2NiOOH 2H O 2e 2Ni(OH) 2OH2 2
 + + → +− −  (10.5)

 Zn 2 OH Zn H O 2e2+ → + +− −  (10.6)

Ni–Zn batteries are used for portable power, small-scale applications at high dis-
charge rates. Ni–Zn batteries are relatively lower in cost than Li–ion batteries and 
can replace both Ni–Cd and Ni–MH batteries in most of the applications [6]. Ni–Zn 
batteries have high efficiency, high specific power and low cost. Both Ni and Zn can 
easily maintain their physical and chemical properties during cycling, and hence 
less effect on the environment. However, Zn is a self-corrosive material and soluble 
in KOH so Ni–Zn batteries show low discharge after a few cycles [16,17]. Although 
this battery was there for many years, the major challenges faced were the distribu-
tion of active materials on the electrode and the formation of dendrites during the 
charging and discharging process. Figure 10.6 shows the formation of dendrites in 

FIGURE 10.5 Internal structure of power Genix Ni–Zn Battery. (Reproduced from [15] 
with permission from IOP Publishing, © 2009.)



237Rechargeable Batteries with Nanotechnology

Zn electrodes [18]. Table 10.4 demonstrates the important electrochemical properties 
of Ni–Zn battery.

The zinc electrode technology was based mainly on these principles, i.e., the 
requirement of good conductivity for the whole mass independent of the state of 
charge, a high level of porosity to be maintained at the anode of the cell, and treat-
ment of soluble zincates were formed during the charging process. Moreover, to 
maintain the above principal and to other rectify the above-mentioned issues, a 
three-dimensional structure was made to support and collect current to reduce resis-
tance and improve the electrical connections. The coating of a separator also helps 
in inhibiting the dendrite formations. Also, the copper foam was used to increase 
the porosity of the material at the zinc electrode, a composition of zinc oxide was 
mixed with additives like zinc alloys, conductive polymers having high adsorption 
capacity for zincates in order to trap zincates from the surface constituting a more 
conducting network and preventing dendrites formations. The use of calcium oxide 

FIGURE 10.6 Formation of dendrites in Zn [18]. (Reproduced with permission from Nature, 
© 2016.)

TABLE 10.4
Features of Ni–Zn Battery

Energy Density 
(Wh/Kg)

Power Density 
(W/Kg)

Cycles Life 
Cycles Anode Cathode Electrolyte

60–70 100–200 200–300 Nickel hydroxide Zinc Potassium hydroxide
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as an additive helps in forming calcium zincates, which are less soluble than normal 
zinc hydroxides. Pasted powder technology or the pressed powder method is used 
to fabricate zinc electrode, with a substrate material like foil, foam mainly made of 
copper. This substrate maintains stability when the cathode undergoes polarization. 
This method also helps in changing electrode shape.

The advantages of Ni–Zn battery are good cycle life in terms of charging and dis-
charging, high capability rate of nearly 25 C, very fast recharging, and cheaper than 
benign materials, which can be cycled to 100%, nontoxic, inflammable and safe to 
use as it is environmentally friendly in nature. However, the shortcomings of Ni–Zn 
batteries include heavy and bulky structure, low-energy density, discharge rate is 
very high and formation of dendrites which reduces final efficiency. 

Ni–Zn batteries are used in consumer batteries and power tools. It is an excellent 
substitution for Ni–Cd, lithium-ion and Ni–MH batteries in terms of energy density, 
toxicity and price. Ni–Zn batteries can be used in hybrid electric vehicle (HEV) which 
provides similar power density and energy density to drive HEV vehicles at half the 
price of lithium ion. Ni–Zn batteries are used in micro hybrid (start/stop vehicles). In 
microhybrid vehicles, when the vehicles stop, then the engine shuts down, resulting 
in more consumption of fuel. A Ni–Zn battery has high power, half weight and more 
charge acceptance as compared to lead-acid battery at a competitive cost. The Ni–Zn 
battery at the utility scale meets the requirement of high power in terms of regulated 
frequency and provides an effective backup power system. Military requires a high 
level of sophisticated power supply which would be safe and powerful for use. In this 
regard Ni–Zn battery fulfills the entire criterion. Hence, Ni–Zn provides an excel-
lent balance of power and energy density in order to meet the potential requirement 
of applications in various devices and vehicles in terms of safety, cycle stability and 
cost-effectiveness.

10.4.2.3 Nickel-Cadmium Battery
It is a rechargeable battery which can be recharged many times, and it maintains 
constant potential when discharged. It gives hassle-free service and finds applica-
tions in digital cameras, calculators, photoflash equipment, recorders, etc. Ni–Cd 
cell is available in all shapes and sizes ranging from AAA to D with a potential 
difference between 1.25 V and 1.35 V [19]. The potential of the Ni–Cd battery is 
1.2 V, which is lower than the alkaline zinc-carbon cell (1.5 V), so the Ni–Cd bat-
tery cannot replace in all applications. However, many electronic appliances work at 
low voltages (0.90 V to 1.0 V per cell); the relatively steady 1.2 V of a Ni–Cd cell is 
enough to allow operation [20]. The battery is used safely in the temperature range 
from −20°C to 45°C. During charging, the battery temperature is around the same as 
the ambient temperature, but as the battery gets fully charged, the temperature will 
rise to 45°C–50°C. These batteries are capable of rapidly recharging to hundreds 
of instances and are tolerant including overcharging. However, compared to other 
batteries and even lead-acid batteries, nickel-cadmium batteries have limited power 
density and are also heavy in weight. They perform better if fully discharged every 
cycle before recharge. In any other case, cells may also exhibit a memory effect. 
Alkaline batteries show some application in backup power systems where low-
temperature conditions, very high currents and high reliability are unique elements. 
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Large nickel-cadmium batteries are used to start aircraft engines and in emergency 
power structures. In addition, they are used in conjunction with solar-powered con-
temporary supplies to provide electrical power at night. Although they have some 
good characteristics, it has some drawbacks that nickel and cadmium both are toxic 
heavy metals that may cause health risk. Ni–Cd battery could not get commercial 
success because of its high cost (about USD 1000 kWh) which is ten times higher 
than lead-acid batteries.

Nickel-cadmium (Ni–Cd) structures are the most common small rechargeable 
battery for portable gadgets. Sealed cells are equipped with “jelly roll” electrodes, 
which deliver the high current. The Ni-Cd battery contains a cadmium negative elec-
trode, a nickel (III) oxide-hydroxide positive plate and potassium hydroxide as an 
alkaline electrolyte. The chemical reactions during charging, discharging and overall 
are given in Equations (10.7)–(10.9), respectively.

 2NiOOH   2H O  2e 2Ni OH 2OH2 2( )+ + → +− − (10.7)

 Cd OH 2Cd OH 2e2( )+ → +− −  (10.8)

 2NiOOH   Cd 2H O  2Ni OH Cd(OH)2 2 2( )+ + → +  (10.9)

When the battery is discharged, then the cathode contains nickel hydroxide and the 
anode has cadmium hydroxide, whereas when the battery is charged, then reverse 
action takes place at anode, cadmium hydroxide changes into cadmium and at cath-
ode nickel hydroxide changes into nickel. The electrolyte used is alkaline potassium 
hydroxide and a separator is also used.

This battery has metal cases with a safety valve; the anode and cathode isolated 
by the separator are rolled in the form of a jelly roll design or in a spiral shape. This 
design helps the battery to deliver maximum current comparable to an alkaline bat-
tery. Traditionally, Ni–Cd batteries were available in sealed types, where the release 
of gas occurs when it is overcharged. Vented cells have a low-pressure valve that gen-
erates oxygen and hydrogen when it undergoes a cycle of charging and discharging. 
This structure makes the battery safer, lighter and economical for use. Vented Ni–Cd 
batteries can operate for a wide range of temperature and has long life.

Ni–Cd batteries have a number of advantages as compared to other batteries avail-
able in market. It works extremely well in every robust condition and has long-term 
storage when fully discharged. As compared to other lead-acid batteries, Ni–Cd bat-
tery has got a high energy density and longer life in terms of charging and discharg-
ing. When compared to alkaline batteries, it has reversible chemical reactions which 
make them reusable and long-lasting. When compared to Ni–MH and lithium-ion 
batteries, this battery is much cheaper and has a lower self-discharge rate. Hence, it 
can be seen that Ni–Cd is a good choice for applications in photography and other 
portable devices as it has good specific energy and pulse power performance, and at 
the same time, it is relatively inexpensive as compared with other batteries

However, the disadvantages of Ni–Cd battery include as it is much costlier than 
lead-acid battery because cadmium and nickel cost more. The biggest threat is envi-
ronmental hazards as cadmium is very toxic in nature. Under the battery directives, 
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this battery has been banned in many countries. Recycling of this battery is also 
the biggest problem. It has the problem of thermal runaway in which the current 
keeps on rising until the battery destroys itself. It also exhibits a negative temperature 
resistance in which the internal resistance decreases as the temperature increases. 
Memory effect is another issue related to its charging; in this effect, it is seen that the 
battery retains the characteristics of previous charging and gives the false impression 
of charging. In Table 10.5, the range of various parameters of Ni–Cd battery has been 
shown. It has been observed that the range of cyclic durability is nearly 2000 cycles 
and charge/discharge efficiency is nearly 70% to 90%.

10.4.2.4 Nickel-Metal Hydride (N–MH) Battery
It’s always a good choice to use rechargeable battery packs containing lithium ions 
cells as it gives excellent high energy density, storage and high voltage, for many 
applications such as mobiles, bio-medical instruments, electric hybrid vehicles, etc. 
Customized nickel-metal hydride is a very good substitute, as it is cost-effective in 
manufacturing and has no potential hazards linked with lithium products. The tech-
nology of Ni–MH batteries is not new as it was available in the early 70s, but when 
compared with Ni–Cd and lead-acid batteries, it is environmentally friendly and has 
excellent cycle life, with good safety and reliability performance. Moreover, it does 
not require the complexity of battery management technology like lithium batteries, 
still satisfying the customer need as lithium pack [21, 22].

Ni–MH has a positive electrode of nickel hydroxide and a negative electrode is 
interstitial hydrogen in the form of a metal hydride; the electrolyte used here is alka-
line potassium hydroxide. In Ni–MH, the “M” represents intermetallic compound 
as a negative electrode; this “M” is of the formula AB5, where “A” is a rare earth 
element (mainly used are cerium, lanthanum, neodymium, praseodymium), whereas 
“B” side comprises of cobalt, nickel, aluminum or manganese. In some cells, the 
negative electrode “M” has the formula AB2; here, A is generally vanadium or tita-
nium, whereas B is either zirconium or nickel.

Nickel-metal hydride (Ni–MH) batteries are replacing nickel-cadmium batteries 
in many applications because of the absence of toxic cadmium and have two–three 
times higher capacity than Ni-–Cd battery per unit volume. The chemical reaction on 
the positive electrode is similar to Ni–Cd battery, whereas at the negative electrode, 
hydrogen absorbing alloy is used instead of Cd. The charging and discharging volt-
age of Ni–MH battery is 1.6 V and 1.25 V, respectively.

Ni–MH has higher self-discharge, lower efficiency and costly as compared with 
lead-acid and nickel-cadmium batteries. The cost rises mainly over the constraints 

TABLE 10.5
Characteristics of Ni–Cd Battery

Energy 
Density 
(Wh/L)

Specific 
Energy 

(Wh/Kg)

Specific 
Power 
(W/Kg)

Cycle 
Durability 

Cycles

Self-
Discharge 

Rate
Nominal 
Voltage

Charge/
Discharge 
Efficiency

50–150 40–60 150 2000 10% month 1.2 V 70%–90%
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on the manufacturing process and safe disposal because of the concerns on cadmium 
toxicity. It has been labeled “Eco friendly”. It has a profitable margin when recycling 
is done. Lithium ion has the major problem of “Thermal Runaway”; this battery has 
a better design for this, but as compared to Ni–Cd, it is not that effective in solving 
the problem of thermal runaway. The chemistry of Ni–MH and Ni–Cd is moreover 
the same because of the same design; Ni–MH has a capacity of 30% more than 
Ni–Cd batteries but less in memory. As compared to others, this requires high main-
tenance as crystalline formation takes place if a full discharge is not done regularly. 
In Table 10.6, a comparative study of Ni–MH versus Li–ion battery has been given. 
Li–ion battery is more efficient and lighter than Ni–MH, but it is costlier. The com-
parative study of Ni–MH and alkaline battery has been shown in Table 10.7; it has 
been shown that the performance of Ni–MH is much better than alkaline batteries.

It is very convenient to store and its transportation is easy because it is not gov-
erned by any regulatory controls. However, it should be stored in a cool place as 
performance gets degraded at high temperatures. When compared with a primary 
battery, it has greater advantage as it can work at extreme low temperatures of about 
−20°C. It operates well over a wide range of temperatures, i.e., 0° to 50° and life 
expectancy is also more. It can be recharged as many times as possible and shows 
efficiency even at a high rate of self-discharge. It has 50% of self-discharge when 
compared to Ni–Cd batteries. It has a critical trickle charge and generates heat while 
charging; it also takes longer time to get charged as compared to Ni–Cd batteries. 
Ni–MH has 50% less final battery pack production price than a lithium battery, and 
it is less than 75% of a lithium battery in terms of the development of the product.

The chemical reactions at negative and positive electrodes are given in Equations 
(10.10) and (10.11), respectively.

 �H O M e OH MH2 + + +− −  (10.10)

 �Ni OH OH NiO OH H O e2 2( ) ( )+ + +− − (10.11)

Ni–MH battery has a higher self-discharge rate as compared to Ni–Cd battery, which 
varies greatly with temperature, i.e., is 5%–20% on the first day and stabilizes around 
0.5%–4% per day at room temperature. The cylindrical structure of Ni–MH battery is 
shown in Figure 10.7 with a cap positive electrode, negative electrode and separator [21].

TABLE 10.6
Comparison of Ni–MH with Li–ion Battery

Cell 
Type

Cell 
Voltage 

(V)

Specific 
Energy 

(Wh/Kg)

Specific 
Power 
(W/Kg)

a. Energy 
Density 

(kWh/m3)

Power 
Density 

(MW/m3) Efficiency Cost Size

Li–Ion 3.6 3–100 100–1000 80–200 0.4–2 99 Costly Small and 
lighter

Ni–MH 1.2 1–80 <200 70–100 1.5–4 81 Less 
costly
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In order to have a hassle-free use of Ni–MH battery in terms of its maintenance 
and performance, basic knowledge of charging is very important as overcharging 
may damage the battery, which will result in loss of its capacity. Overcharging results 
in the formations of small crystals on the electrodes thus inhibiting the charging pro-
cess. It is observed that the charging of Ni–MH is more complicated as compared to 
Ni–Cd battery. Designing of a charger is very important as in Ni–Cd a distinct bump 
is seen in output voltage when it is fully charged, but in Ni–MH, this bump is very 
small and difficult to detect. The charging efficiency of all forms of nickel-based bat-
teries is about 70% of the full charge; initially, the temperature rise is less, but as the 
charge level increases, the efficiency level drops, thus raising the temperature of the 
battery [23,24]. Figure 10.8 shows the internal structure of the Ni–MH battery with 
a special reference to the separator and electrodes [23].

There are various methods for the charger to have constant current like timer 
charging by using an electronic timer which will help from getting overcharged; ther-
mal detection from getting overheated; and negative delta voltage detection to detect 
the drop in voltage; compared to all, the step differential method is preferably used 
in advanced Ni–MH chargers in which initially fast charging of 1C is done followed 
by a cooling period, later the charge cycle is completed. In this process, the charger 
further applies reductions in current as the charging progresses.

Nickel-metal hydride (Ni–MH) batteries generally have self-discharge of 1% 
per day when they are used in a low-energy consummation mode or in a stand-by 
device, which affects their memory. Manufacturers are using BMS technology which 
is cost-effective in order to develop a system, which will trickle charges to reduce 
the negative effects of overcharging and to attain its maximum capacity. Mostly, 
a smart charger is used with a moderate rate of charging up to 2 hours to 3 hours. 

FIGURE 10.7 Nickel-cadmium batteries [21].
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The gases which are emitted due to overcharging are hydrogen and oxygen, so the 
battery enclosures of Ni–MH should be airtight and properly vented. Moreover, iso-
lating the battery from the components which generate heat will also reduce the ther-
mal stress. Figure 10.9 shows the charging and discharging of the battery in terms of 
the chemical reactions that take place inside the battery [25].

10.4.3 Nickel-hydrogeN (Ni–h2) Battery

The nickel-hydrogen (Ni–H2) battery was first patented in 1971 by Alexander et al. in 
US [26]. Ni–H2 battery is a rechargeable power source based on nickel and hydrogen; 
here, hydrogen is used as fuel with conventional nickel electrode. Ni–H2 is used in 
over 800 satellites with good reliability. The overall reaction of the cell is given in 
Equation (10.12).

 �2NiOOH H 2Ni(OH)2 2+  (10.12)

It can be observed by the reaction that nickel hydroxide is formed at the positive elec-
trode and hydrogen is produced at the negative electrode. Ni–H2 battery can handle up 
to ~20,000 charge cycles with 85% efficiency. Ni–H2 battery using KOH as an elec-
trolyte performed an energy density of 75 Wh/kg and a specific power of 220 W/Kg.  
Ni–H2 battery has a discharge voltage of 1.25 V. In the recent few years, nickel-metal 
hydride batteries have been used in several commercial hybrid vehicles such as Toyota 
Prius and Honda Insight. Nickel electrode-based batteries are compared in Table 10.8.

FIGURE 10.8 Structure of cylindrical Ni–MH battery [23]. (Reproduced from ref. [23] with 
permission from Elsevier, © 2001.)
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FIGURE 10.9 The charging–discharging process of the hydrogen atom dissociates from 
Ni(OH)2 and is absorbed by the MH alloy and the hydrogen atom dissociates from the MH 
alloy and joins with NiOH to form Ni(OH)2 [25]. (Reproduced from ref. [25] with permission 
from Elsevier, © 2001.)

TABLE 10.8
Nickel-based Batteries Comparative Parameter

Battery
Cell 

Voltage (V)
Specific Energy 

(Wh/kg)
Specific 

Power (W/kg)
Energy 

Efficiency (%)
Cycle 
Life

Nickel-Cadmium 1.2 50–60 200 70–75 >1500

Nickel–Iron 1.2 30–60 100 60–70 1500

Nickel–Metal Hydride 1.2 60–70 170–1000 70–80 >1000

Nickel–Zinc 1.2 80–100 170–1000 70–80 <500
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10.4.4 adVaNtageS of alkaliNe Battery

The performance of an alkaline battery is good at low and ambient temperatures. These 
have a high energy density, a fairly long self-life, low internal resistance, better dimen-
sional stability and very less leakage problem. Alkaline batteries perform equally 
well in both intermittent and continuous use. These are also well-performing high 
and low rates of discharge. An alkaline battery has a fairly long self-life. Moreover, 
alkaline batteries have drawbacks. Alkaline batteries are bulky as compared to lead-
acid battery. Alkaline batteries have high internal resistance which reduces the output 
power. Alkaline batteries have different types of leakage from other batteries or cells; 
they can leak if left in the appliance for too long, and this corrosive leak can damage 
a device. However, with these disadvantages in mind, alkaline batteries are still an 
excellent choice for many uses, including developing a battery pack.

10.5 SODIUM-ION BATTERIES

The commercialization of different types of batteries in the market has given the 
option to search for new materials for electrode, which will fulfill all the criterion 
prerequisites for high efficiency of the batteries. In this context, sodium-ion batter-
ies have received great attention due to its versatile features like better safety, good 
power delivery and it can be used for many purposes. The main advantage of this 
battery is a huge natural resource of sodium being available. The principle on which 
LIBs and sodium-ion battery works is almost the same; instead of Li+ ion, Na+ ion is 
used for charging and discharging process through intercalation and deintercalation 
mechanism. The lower tap density, lower cost, elevated operating potentials and 
high capacities have attracted lot of attention for cathode-based sodium transition-
metal oxides. This battery uses electrolytes that are aqueous as well as nonaque-
ous like dimethyl carbonate, diethyl carbonate, propylene carbonate, etc. It can be 
used for electric vehicles and other power tools if the energy density is increased 
[27]. Figure 10.10 shows the use of electrolytes and binders for sodium-ion battery; 
in the figure, the layered oxide is seen at the cathode and metal oxides at anode.  
Table 10.9 shows the comparative study of sodium-ion battery with lead-acid bat-
tery and LIB. In terms of efficiency, sodium-ion battery is much more efficient as 
compared to the other two.

The cathode of sodium ion stores charges through the reaction mechanism. 
The advantages of sodium-ion battery over other batteries are their low costs and 
 corrosion-free reactions. It is durable, and it does not get damaged if it is charged for 
a long time. It has got excellent power delivery with less energy density. From perfor-
mance wise, it is not applicable to portable electric vehicles and electronic devices. 
As it is three times heavier than lithium, hence it is not lighter and when used with 
organic solvents; it is not at all safe as it may cause fire. Figure 10.11 shows the work-
ing potential versus a specific capacity of the various materials at anode and cathode. 
The use of various electrolytes and binders has also been shown in the diagram for 
sodium-ion battery.

The two-dimensional layer of transition-metal oxides is based on the stack-
ing sequence of metal oxide between the layers. The arrangement is made by 
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sandwiching sodium ion layers between octahedral or prismatic structures. Based on 
the phase transition of the O3 type and P2 type, there is a structure variation, and at 
low temperature, the synthesis of these compounds takes place, breaking the M–O 
bonds through thermal analysis. There are lots of possibilities for upgrading the elec-
trodes utilizing the sodiated anode material along with transition-metal oxides. In 
this, the two- or three-dimensional layer also uses fluorides for better efficiency of 
the electrodes. Polyanion materials have shown considerable thermal stability due 
to the covalent bonds in the deeply charged oxide state. For Sodium-ion batteries 
(SIBs), depending upon insertion reaction, Ti-based oxides as well as carbonaceous 
oxides are being used as anode material. Carbon materials, especially hard carbons, 

FIGURE 10.10 Cross section of sodium-ion battery [27]. (Reproduced with permission 
from Royal Society of Chemistry, © 2017.)

TABLE 10.9
Comparison of Sodium-ion Battery with Lead Acid Battery and Lithium-ion 
Battery

Battery Types Lead Acid Lithium-ion Sodium-ion

Volumetric energy 
density (Wh/L)

80–90 200–683 250–375

Gravimetric energy 
density (Wh/Kg)

35–40 120–260 75–150

Cyclic stability Moderate High High

Efficiency 70%–90% 85%–95% Up to 92%

Range of temperature −20°C–60°C 15°C–35°C −20°C–60°C

Availability of resources Availability limited Not easily 
available scarce

Available in 
abundance

Safety Moderate as it is 
toxic

Low It is very 
safe to use

Price Economical Costly Economical
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are widely used because they have the potential to accommodate the sodium ions in 
its structure. They have a low operating potential. Companies of different countries 
depend a lot on many parameters such as types of electrodes used, with different 
manufacturing techniques. In Table 10.10, a comparative study has been made based 
on the companies of different countries.

The sodium-ion batteries have received lots of attention due to their abundance 
availability; SIB cathode material consists of metal oxide, metal sulfides, compounds 
of oxoanionic, polymers, Prussian blue analogue, etc. Lots of research are still in 
progress in order to make this battery more commercialized. Tables 10.11 and 10.12 
summarize the advancements in anode and cathode material for sodium-ion batter-
ies, respectively.

10.6 MG-ION BATTERY (MIB)

For the next-generation electrochemical power sources, large-scale portable and sta-
tionary electrical device applications, in addition to the LIB, the secondary MIB 
is one of the most hopeful alternative solutions. The MIBs have safer, richer abun-
dances than LIBs. The magnesium metal has diverse characteristics with high natu-
ral abundance (approximately 104 times that of lithium, which helps to reduce the 
cost of electrode material). It is further incorporated into low-cost energy storage 
devices. The magnesium metal is more environmentally stable in nature, excellent 
thermodynamic properties, high volumetric capacity (3833 mA/h/cm3), dendrite-
free deposition, higher melting point than lithium, low reduction potential up to −2.4 
vs. SHE, high Columbic efficiency, etc. [45,46]. Such remarkable inherent charac-
teristics of Mg metal prove that the Mg metal is an ideal and promising electrode 
for MIBs. In addition, compared to nickel-cadmium and lead-acid batteries, MIBs 

FIGURE 10.11 Working potential for Na-ion battery [27]. (Reproduced with permission 
from Royal Society of Chemistry, © 2017.)
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provide a significantly higher energy density. Also, in contrast to lead and cadmium, 
magnesium and lithium are less expensive and environmentally friendly in nature. 
The use of Mg metal as electrode material in MIBs reduces the final cost of battery 
and results in a more stable alternating power source than LIBs.

Nevertheless, the development of the magnesium-ion battery technology is not 
as fast as LIBs. This is because there are certain challenges among the develop-
ment of magnesium-based cathode material for batteries. This includes high revers-
ible capacity, high operating voltage, and nonavailability of appropriate electrolyte, 
which can allow the reversible release of Mg2+ ions from a Mg metal anode [47–50]. 
The sluggish nature of Mg2+ ions in solid electrolytes makes large voltage hysteresis 
and low magnetization degrees for most of the material [50]. Most of the electrolyte 
used in MIBs allows the development of passivating surface films, which impede the 
electrochemical performance during the charging–discharging process [46,51,52]. 
Another important problem associated with MIBs is the unavailability of a suitable 
electrolyte. The electrolyte which can neither accept nor donate proton can be the 
most suitable electrolyte for MIBs [46]. The second most significant difficulty in the 
development of MIBs is the limited choice of cathode material by the inability to 
intercalate Mg ions in many hosts [48]. To enlighten the structures and chemistries of 
the materials developed for magnesium-ion cathodes, in this section, we discuss the 

TABLE 10.10
Comparative Studies between Different Types of Batteries 

Company 
Name Country Electrode Characteristics Uses

Faradion 
limited

United 
Kingdom 
2011

Cathodes–oxides
Anode–carbon and 
liquid electrolyte

Carbothermal reduction 
method of synthesis is 
used for electrode of 
Na3M2(PO4)2 F3

It is used in 
E–bike and 
E–Scooter

Tiamat France 2017 Polyanionic Cylindrical cells Mainly used in 
power market

Hi–Na battery 
technology 
Co. Ltd.

China 2017 Cathodes of 
Na–Fe–Mn–
Cu-based oxide

Anode is of carbon

Energy density of 
120 Wh/Kg

Used as a power 
bank

Natron Stanford 
University, 
United States

Prussian blue 
electrode with an 
aqueous electrolyte

— —

Altris AB Uppsala 
University, 
Sweden 2017

Iron-based Prussian 
and carbon as an 
electrode

Low-energy process Stationary 
energy storage

CATL Co. 
Ltd.

China 2021 Porous carbon as 
cathode and 
Prussian blue as 
anode

Specific energy density 
160 Wh/Kg. Sodium 
ion has more volume 
and stable with 
structure

Electric vehicles 
and stationary 
storage battery
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summary of the recent progress of cathode material and electrolyte for MIBs with 
special emphasis on strategies for future research initiatives. To solve these issues, 
in recent years, several strategies have been reported in literature; this includes the 
use of mesoporous and high specific surface area nanostructured material with high 
divalent ion mobility as cathode for MIBs [53,54]. The cathode fabricated from such 
material decreases the diffusion length for Mg ion into the cathode during the charg-
ing–discharging process [55–57].

10.6.1 cathode material for miBS

Till date, Chevrel phase oxides, chalcogenides, carbon-based nanomaterials and poly-
anions have been investigated as a potential cathode material for MIBs. The mostly 
used cathode material for MIBs includes the Chevrel phase molybdenum sulfide 
(Mo6S8) [58], molybdenum disulfide (MoS2) [59], orthorhombic molybdenum oxide 
MoO3 [60,61], vanadium bronze (V3O8) [62], vanadium pentoxide (V2O5) [63], mag-
nesiated vanadium pentoxide (MgxV2O5) [64], nickel hexacyanoferrate (NiFe(CN)6) 
[65], copper hexacyanoferrate (CuFe(CN)6) [66], and various manganese-based 
oxides such as hollandite MnO3 [67], todorokite MnO3 [68], birnessiteMnO3 [67], 
Mg6MnO8 [69], manganese silicate (Mg1.03Mn0.97SiO4) [70], iron silicate (MgFeSiO4) 
[71], cobalt silicate(MgCoSiO4) [72], etc.

Considering the sluggish nature and unsatisfactory cycling life of cathode material 
used in MIBs, recently, various strategies and structural modifications, viz., meso-
porous, hierarchical two- and three-dimensional materials as cathode for MIBs have 
been implemented. Chevrel-phase Mo6S8 is one of the important materials which 
is facilitated by the high mobility and fast interfacial charge transfer. Nowadays, 
Mo6S8 has gained considerable attention toward the application of cathode material 
at room in MIBs. Mo6S8 has superb intercalation kinetics and best reversibility. Also, 
at potential 1.2 V, the initial capacity for Mo6S8 is reported in literature to be up to 
120 mA/hg [73,74]. To study the effect of leaching chemistry on the performance 
of Mo6S8-based cathodes of MIBs, Lancy et al. have reported interesting results: as 
they accommodate two Mg atoms per formula unit when Cu2Mo6S8 leached in I2/
AN (acetonitrile) or in HCl/H2O. Also, the capacity fading of the MIBs is reported 
because of the inability to extract Mg ions during charging at room temperature. 
The Cu2Mo6S8 cathode in MIBs resulted in a specific capacitance of 90–100 mA/hg 
with excellent stability over large numbers of charge–discharge cycles [75]. Further, 
Choi et al. modify Mo6S8 by Cu metal and reported the increase in rate capability 
discharge of (99.1 mA/hg) than pristine with (85.6 mA/hg) at 1.0 V vs. Mg/Mg2+. 
Moreover, in this study, the in-situ formation of CuxMo6S8 is studied further. Also, 
the electrochemical insertion of Cu from Cu nanoparticle/graphene composite to the 
Mo6S8 host and the schematic of Mg2+ insertion and extraction during the replace-
ment reaction of Cu in the Mo6S8 is demonstrated in Figure 10.12 [76].

Wu et al. demonstrated the use of Lattice engineering to settle the issue of slug-
gish kinetics, which is one of the important reasons for dissatisfactory Mg-storage 
capabilities in two-dimensional layered materials. For this study, using heteroge-
neous monolayers of MoS2 and graphene, they have fabricated the van der Waals’ 
heterostructures. Further, they reported that the Mg-diffusion barrier was reduced 
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by 0.4 eV, and in consequence, the diffusion rate enhances 11 times higher than the 
diffusion rate of original MoS2. As a result of the assisted diffusion kinetics, the 
Mg-storage capacity for MoS2/GR and its rate performance are reported to be 210 
mA/hg and 90 mA/hg at 500 mA/g, respectively [77]. To enhance the electrochemi-
cal performance and enhances the Mg-ion kineticsm, Liu et al. synthesized and 
studied the MoS2/graphene hybrid material as cathode for MIBs. The facile lithium-
assisted sonication method was used for the synthesis of cathode material. In this 
study, graphene is inserted in MoS2, this influences the Mg2+-ion insertion–dein-
sertion in the host MoS2/graphene hybrid cathode, as a result, the electrochemical 
behavior of MoS2/graphene hybrid cathode in MIBs enhances. The initial capac-
ity and cyclability after 50 cycles for MoS2/graphene cathode are reported to be 
115.9 mA/hg and 82.5 mA/hg, respectively. Furthermore, the cyclic voltammetry 
curves at various scan rates, typical GCD profiles at various current densities and 
electrochemical impedance spectra of different MoS2/graphene-15 composites are 
demonstrated in Figure 10.13 [78]. The reported MoS2/graphene-15 hybrid fascicled 
MIBs demonstrated excellent electrochemical behavior as compared to bare MoS2 
or graphene [78]. Furthermore, the issues related to Mg-ion adsorption at host mate-
rial and diffusion, Yang et al., using the Density Functional Theory, investigated 
the MoS2 nanoribbon as cathode material for MIBs and reported the maximum 
theoretical of 223.2 mA/hg [79].

FIGURE 10.12 Schematics of (a) Cu replacement reaction in the Mo6S8 and (b) the pro-
posed solid-state Cu replacement reaction structure during Mg2+ insertion and extraction. 
(Reproduced with permission with ACS, publication [76]. (Reproduced with permission from 
ACS Publication, © 2017.)
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10.6.2 traNSitioN-BaSed cathode material for miBS

In recent years, over the transition-metal sulfide, transition-metal oxides have gained 
enormous attention as the cathode material for MIBs. Owing to the many attractive 
properties such as good electrochemical characteristics, higher working potentials, 
better thermal stability etc., transition-metal oxides reported to be superior cathode 
material than the transition-metal sulfide for MIBs. Many transition-metal oxides 
such as MnO2 [80], V2O5 [81], VOPO4 [82], TiO2 [83], etc. also offers the similar 
advantages. Zhang et al. [84] reported the nano-sized hollandite phase α-MnO2 
cathode material for MIBs. The reported cathode material demonstrated excellent 
electrochemical performance in electrolyte Mg2 (μ-Cl)3·6(OC4H8)((N(Si(CH3)3)2)

nAlCl4−n) (n = 1, 2) with a specific capacitance of 280 mA/hg within the potential 
range of 0.3 V–1.5 V. Ju et al. reported the MoS2 nano flowers as the cathode mate-
rial for hybrid ion Li+/Mg2+ battery and reported the remarkable enhancement of 
the electrochemical performance due to Mg stripping/plating at the anode side and 
Li+ intercalation at the cathode side with a small contribution from Mg2+ adsorption 
at MoS2 cathode. The MoS2 nano flower-based hybrid Li+/Mg2+ hybrid ion battery 
demonstrated high capacity, excellent rate capability, and long cycle life of 243 mA/
hg at the 0.1 C rate and 108  mA/hg at the 5  C rate, respectively. Also, the capacity 
retention over 2300 cycles is reported to be 87.2 % [85]. Zhu et al. have used the intro-
duction of defects in cathode material strategy for the enhancement of energy density 

FIGURE 10.13 (a) The cyclic voltammetry curves of MoS2/graphene-15 electrode scanned 
at a rate of 0.5 mV/s in the voltage window of 0 V–2.2 V vs. Mg2+/Mg. (b) Typical GCD profiles 
of MoS2/graphene at a current density of 20 mA/g. (c) Cycling performance of bulk MoS2, 
exfoliated MoS2, and the MoS2/graphene-15 composites at 20 mA/g. (d) Electrochemical 
impedance spectra of bulk MoS2, exfoliated MoS2, and MoS2/graphene-15 electrodes [78]. 
(Reproduced with permission from Elsevier, © 2017.)
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and stability of MIBs and accelerated the diffusion of Mg2+ in cathode materials. For 
demonstration, they have reported the synthesis of defective 2D MoS2 nanosheets via 
the hydrothermal method and used as a cathode for MIBs. The discharge specific 
capacity of MIBs is found to be 152 mA/hg [86]. Liu et al. synthesized the ε-MnO2 
via facile potentiostatic electrodeposition and utilized for cathode material for MIBs. 
The interconnected nanoflakes of ε-MnO2 and direct contact with the electrolyte are 
responsible for high electrochemical performance. The specific capacity and energy 
density of binder-free ε-MnO2 were reported to be 259.3 mA/hg at 0.5 Ag−1 and 98.6 
Wh/kg, respectively. The as-prepared cathode shows high stability and 94.3% reten-
tion in capacitance over 400 cycles [80].

10.7 MAGNESIUM-SODIUM (MG–NA) HYBRID ION BATTERIES

With the advance in the use of renewable energy, various nanomaterials have been 
used to make the batteries very efficient; LIBs satisfy all the requisite criterion, but 
the major challenge is the limitation of energy density. It also suffers the problems 
of dendrites formation, thermal runaway and most important part is that it is costly. 
Lithium was replaced by MIB, a magnesium-ion battery which has lots of advantages 
as an electrode material such as an excellent volumetric capacity of 3833 mA/h/cm3 
and gravimetric capacities of 2205 mA/hg, which is double as compared to lithium, 
lower flammability and safe to use; it has lower negative redox potential and forms 
non-dendrite morphology [3,87,88]. Magnesium-ion batteries require cathode of high 
energy density, enhanced rate capability and good cyclability. The major challenge in 
the selection of cathode of MIB is the undesirable effects of the host materials that 
prevent the insertion of magnesium. Some of the cathodes used are Chevrel phase 
MO6S8 and spinel TiS2, but the energy densities were very less and a lower voltage 
was achieved less than 1.5 V. As compared to MIB, sodium-ion batteries are also 
gaining lots of momentum in the field of energy materials. SIB batteries [89] use Na 
as a cathode because there is a strict prohibition of Na as an anode because it is highly 
reactive and has dendrite formation issues. However, its plenty abundance has made it 
an attractive electrode material as it will lower the cost of manufacturing. Figure 10.14 
[89] shows the charging and discharging of Mg/Na hybrid battery in the charging pro-
cess, the reduction process takes place at magnesium anode and oxidation takes place 
at cathode. The converse effect takes place during the discharging process.

There are many interesting features of sodium-magnesium hybrid ion batteries. 
Choosing magnesium as an electrode material has many advantages such as high 
capacity, availability, low cost and its safety. Sodium ion as a cathode material has 
lots of importance like generating high voltage, high energy density, found in abun-
dance, low cost and good cyclability. The electrolyte should allow the transport of 
Mg ion and Na-ion both in charging and discharging of the battery. Its oxidation 
and reduction process should match with the operating voltage of the electrodes. 
This battery mainly works on the principle of sodium-ion insertion or extraction in 
the cathode and dissolution or deposition of magnesium ion at the anode during the 
cycles of charging and discharging. The stability of the oxidation state of the mag-
nesium electrolyte [89] should not exceed the Na negative electrode. Moreover, the 
operating range of the cathode should be in the range the discharge voltage should 
not be very low. The electrolyte should be free from any materials which will affect 
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the deposition or dissolution of Mg. Moreover, the recent research highlights that 
sodium magnesium hybrid ion battery is demonstrated in Table 10.13.

The future of sodium and magnesium hybrid ion batteries is truly bright. Because 
this hybrid battery utilizes the dendrite-free deposition of magnesium at anode and 
has the fast intercalation process of sodium ion at the cathode, which is very much 
required for the charge storage mechanism of the battery. This also increases the 
energy density of the battery. It can be commercialized by improving the materials 
of the electrolytes.

10.8 CONCLUSIONS AND FUTURE PROSPECTIVE

The recent advances in the energy storage system alternative to the lithium batter-
ies/LIBs have been reviewed in detail. The cathode, anode and electrolyte materials 

FIGURE 10.14 Charging and discharging phenomenon of Mg/Na hybrid battery [89]. 
(Reproduced with permission Elsevier, © 2020.)
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used in the different batteries have been discussed thoroughly. The operating prin-
ciple of different batteries such as alkaline batteries, sodium-ion battery, magnesium-
ion battery and sodium-magnesium hybrid ion battery with the key advancement in 
their architecture and energy efficiency is discussed in detail. The electrochemical 
technologies related to electrode materials and electrolytes have been discussed with 
the recent advancements including adopted methods of synthesis, use of nanostruc-
tured material for cathode and anode and applicability of solid electrolyte. While 
reviewing the status of different battery systems, it has been observed that there is a 
lot of scope for the development of nickel-based batteries, sodium-ion batteries and 
magnesium-based batteries. These batteries can replace the monopoly of lithium bat-
teries in the future.

TABLE 10.13
Recent Research Advancements in Anode and Cathode Material for Sodium–
Magnesium Hybrid Ion Battery

Types of 
Battery Anode Cathode Electrolyte Characteristics References

MgNaCrO2 Mg NaCrO2 PhMgCl-AlCl3, 
MgAPC, 
NaCB11H12, 
dual salt 
electrolyte

Energy density −183 
Wh Kg−1 at voltage 
2.3 V average 50 
cycles

[90]

Sodium–
Magnesium 
hybrid battery

Mg metal  FeS2 
(nanocrystal) 

Dual salt 
containing 
Mg+2 and Na+1

Good cathodic 
capacity;

excellent Coulombic 
efficiency;

rate capability

[91]

Mg Berlin green 
hybrid cell

Mg Na (open frame 
work Berlin 
Green cathode)

Average discharge 
voltage is 2.2 V

Stable cyclability 50 
cycles

[92]

Mg–Na hybrid Mg Na3V2(PO4)3 Voltage 2.6 V
Energy density 150 
Wh Kg−1

Good capacity

[93]

NVTP Mg Na2VTi(PO4)3

NASICON 
structure

Dual ion 
electrolyte 
Mg+2 and Na+1

High capacity of 
168 mA hg−1

Cyclability of 1000 
cycles

[89]

Mg/Na hybrid 
aqueous battery

NaTi2(PO4)3 Mn3O4 Mg+2 and Na+1 
hybrid 
electrolyte

Discharge potential 
at 1.2 V

Energy density of 
23.6 Wh Kg−1

Excellent cyclability

[94]
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Synthesis of Substituted-4, 6-Diaryl-2-Imino-6h-2, 3-Dihydro-1, 
3-Thiazine 

A. S. Dighade 

Department of Chemistry, J.D. Patil Sangludkar Mahavidyalay, Daryapur, Maharashtra, India 

 

ABSTRACT 

Six different VII (a) –VII (f) thiazine were synthesized from flavanone VI (a) –VI (f) in ethanol containing 

little KOH and piperidine by the interaction of thiourea. The structures of some compounds were confirmed 

on the basis of IR, NMR, and Mass analysis. 

 

Keywords: Iodo Acetophenone, Iodo- Diketone, Substituted iodo- Flavanone, Substituted iodo- 1, 3-Thiazine. 

 

I. INTRODUCTION 

 

The heterocyclic compounds which contain nitrogen, sulphur and oxygen possess an enormous significance 

in the field of medicinal chemistry. Heterocyclic compounds are abundant in nature and have acquired more 

importance because they form the structural subunits of many natural products such as vitamins, hormones, 

antibiotics and drug molecules. 1,3- thiazines which contains nitrogen and sulphur as a part of six membered 

heterocyclic ring (N-C-S). This ring also present in some of the medicinally important compounds like 

Xylazine( agonist at the α2- adrenergic receptor is used for sedation, anesthesia, muscle relaxation, and 

analgesia in animals1) 

Chhaya D. Badnakhe and P. R. Rajput2 have synthesized and study of substituted 1,3-thiazine and their 

nanoparticles on phytotic growth of some vegetable crops. Koketsu et al.3, have synthesized 4- hydroxy-4-

metyl-2, 6-diphenyl-5 5, 6-dihydro-4-H-1, 3-thiazine. Leflemme et al.4 have synthesized dihydro and 

tetrahydro-1, 3-thiazine derivatives from β aryl-β-amino acid. 

Thiazine derivatives were reported to possess diverse biological activities including anticonvulsant5 

antimicrobial6,7,8,9,10,11, analgesic12, anti-inflammatory and ulcerogenic13,14,anticancer15,16,17,18,19, antidiabetic20, 

immunotropic21, antianxiety22, insecticidal and pesticidal23, antitubercular24, anthelmintic25, anesthetic26,and 

antiviral27. 

 

II. EXPERIMENTAL 

 

Melting points of all synthesized compounds were determined in open capillary tube and are uncorrected. 

The purity of compounds were checked by TLC using silica G. I. R. spectra were recorded on Perkin-

Climer-841 spectrometer (cm-1) in KBr disc and NMR (Brucker Avance II 400 NMR) using CDCl3 as solvent. 

http://www.ijsrst.com/
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Synthesis of 2-hydroxy-3-iodo-5-methyl-acetophenone (Compound-1) 

By known method from p-cresol to p-crysyl-acetate prepared and then by fries migration-2-hydroxy-5-

methyl acetophenone which on iodination gives 2-hydroxy-3-iodo-5- methyl acetophenone (Comp.-1). 

Synthesis of 2-benzoyl-3-iodo-5-methyl acetophenone (IV) 

2-benzoyl-oxy-3-iodo-5-methyl acetophenone was prepared from compound no. (I)  by using benzoic acid, 

POCl3 in pyridine and structure was confirmed on the basis of IR and NMR spectral analysis. 

Synthesis of Diketone (1-(2-hydroxy-3-iodo-5-methyl phenyl)-3-phenyl-1, 3-propanedione) (V) 

1-(2-hydroxy-3-iodo-5-methyl phenyl)-3-phenyl-1, 3-propanedione was prepared from by Baker – 

Venkatraman Tranformation reaction. The structure was confirmed on the basis of IR, NMR and Mass 

spectral analysis. 

Synthesis different substituted flavanone and chromanone VI (a) – VI (f) 

Compound no. V propanedione was reacted with six different aromatic aldehydes in ethanol containing few 

drops of piperidine gaves six different substituted flavanones and chromanones i.e. VI(a) – VI(f). The 

structures of some flavanone were confirmed on the basis of IR, NMR and Mass spectral analysis. The 

compounds prepared were listed in table 1. 

 
Table 1 3-aroyl flavanones and 3-aroyl chromanones VIa – VI f 

 

Exp. 

No 

Comp. 

No. 
Name of compounds 

M.P in 
0 c 

yield 

82 VIa 3-benzoyl-2’-phenyl -6-methyl- 8 -iodo flavanone. 117 0 c 76% 

83 VIb 3-benzoyl-4’-methoxy -6-methyl- 8-iodo flavanone. 76 0 c 68% 

84 VIc 3-benzoyl-4’-ethenyl-6-methyl-8-iodo chromanone. 98 0 c 63% 

85 VId 3-benzoyl-2’-furyl-6-methyl-8-iodo chromanone. 86 0 c 65% 

86 VIe 3-benzoyl-2’-hydroxy-6-methyl-8-iodo flavanone. 110 0 c 66% 

87 VIf 3-benzoyl-4’- chloro-6-methyl-8-iodo flavanone. 122 0 c 70% 

 

Characterization data of compounds 

2-Hydroxy-3-iodo-5-metyl acetophenone 

IR (KBr) νmax cm-1: 3200 cm-1 (s) – phenolic OH , 2919 cm-1 (s) – Ar- C-H stretching, 1635 cm-1 C = O 

stretching, 1082-1007 cm-1 (S) CH3 - stretching , 1020 cm-1 (S) CH3 stretching, 550 cm-1 C-I  stretching. 
1H NMR: [δ CDCl3]: 2.3 δ (S, 3H, Ar- CH3), 2.6 δ (S, 3H, COCH3), 7.5 δ (S, 1H, 

Ar-H), 7.7 δ (S, 1H, Ar-H), 12.9 δ (S, 1H, Ar-OH). 
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TOF MS ES+: 345 Molecular ion at 275.1 m/z assign the molecular formula C9H9IO2  and 1362 Base peak at 

119.1 m/z assign the molecular formula C8H7O. 

2-benzoyl-3-iodo-5-methyl acetophenone 

IR (KBr) νmax cm-1: 3046 cm-1 (s) –C-H stretching in Ar-H, 1686 cm-1 C = O stretching, 2919 cm-1 (S) C-H 

stretching in CH3 , 1562.09 cm-1 (S) C=C ring stretching, 1212.5 cm-1 (S) Ar-O stretching, 549 cm-1 C-I  

stretching. 
1H NMR: [δ CDCl3]: 2.25 δ (S, 3H, Ar- CH3), 2.6 δ (S, 3H, Ar-CO-CH3), 7.5 δ (S, 1H,Ar-H), 7.2-8.25 δ (m, 

7H, Ar-H), 13 δ (S, 1H, Ar-OH). 

(1-(2-hydroxy-3-iodo-5-methyl phenyl)-3-phenyl-1, 3-propanedione) Diketone 

IR (KBr) νmax cm-1: 3045 cm-1 (s)  Ar-H stretching , 1635 cm-1 C = O stretching, 3020 cm-1 (br)  Ar-OH 

stretching , 1598-1447 cm-1 (S) C=C ring stretching vibration in aryl gp, 2919 cm-1 (S) Ar-CH3 stretching, 

536 cm-1 C-I  stretching. 
1H NMR: [δ CDCl3]: 2.1-2.3 δ (S, 3H, Ar- CH3), 8.3-8.45 δ (d, 2H, for CH2), 7.1-7.85 δ (m, 7H, Ar-H), 12.8 δ 

(S, 1H, Ar-OH). 

TOF MS ES+: 760 Molecular ion at 380.0 m/z assign the molecular formula C16H13IO3 and 7173 Base peak  at 

335.9 m/z assign the molecular formula C15H11IO. 

3-benzoyl-4’-methoxy-6-methyl- 8-iodo flavanone 

IR (KBr) νmax cm-1: 3056 cm-1 (s)  Ar-CH stretching , 1692.35 cm-1 C = O stretching of aroyl gp, 1253.64 cm-1 

(S)  Ar-O stretching ,1461.72-1439 cm-1 (S) C=C ring stretching vibration in aryl gp, 2914.56 cm-1 (S) Ar-

CH3 stretching, 1349.47 cm-1 (S) Pyrone, 573 cm-1 C-I  stretching. 
1H NMR: [δ CDCl3]: 2.2-2.40 δ (S, 3H, Ar- CH3), 3.8 δ (S, 3H, Ar-O-CH3), 6.8-7.9 δ (m, 11H, Ar-H), 3.0 δ (S, 

1H, CHA), 5.5 δ (S, 1H, CHB). 

TOF MS ES+: 579 Molecular ion at 498.2 m/z assign the molecular formula C24H19IO4  and 16634 Base peak  at 

229.1 m/z assign the molecular formula C16H13IO2. 

3-benzoyl-2’-hydroxy-6-methyl-8-iodo flavanone 

IR (KBr) νmax cm-1: 3336 cm-1(br) Ar-OH stretching , 3133-3005 cm-1 (s) Ar-CH stretching , 1596-1667 cm-1 

(s) C = O stretching of aroyl gp, 1197-1257 cm-1 (s) Ar-O stretching, 1535-1444 cm-1 (s) C=C ring stretching 

vibration in aryl gp, 2948 cm-1 (s) Ar-CH3 stretching, 1347 cm-1 (s) Pyrone, 514 cm-1 (s) C-I  stretching. 
1H NMR: [δ CDCl3]: 2.1-2.6 δ (S, 3H, Ar- CH3), 12.7-13.0 δ (br, 1H, Ar-OH), 7.2-7.85 δ (m, 13H, (1H) CHA, 

(1H) CHB & (11H) Ar-H), 

TOF MS ES+: 520 Molecular ion at 484.0 m/z assign the molecular formula C23H17IO4  and 6417 Base peak  at 

229.1 m/z assign the molecular formula C15H15IO2. 

Synthesis of substituted 4, 6-diaryl-2-imino-6H-2, 3-dihydro-1, 3-thiazine 

Compound (VIIa -VIIf) 0.01 M, thiourea 0.01 M and 0.02 M KOH solution with a few drops of piperidine 

were refluxed in 25 mL ethanol for 2 to 2.5 hours. Dilute it with water and acidified with conc. HCl. The 

products were crystallized from ethanol. Physical data are shown in Table 
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Reaction 

 
Table 2 4, 6-diaryl-5-aroyl-2-imino-6H-2, 3-dihydro-1, 3-thiazines VIIa – VII f 

 

Exp. 

No 

Comp. 

No. 
Name of compounds 

M.P in 
0 c 

Yield 

88 VIIa 
4- (2’- hydroxy -3-iodo-5-methylphenyl) -5-benzoyl -6- 

(phenyl) -2- imino- 6H- 2, 3- dihydro-1, 3-thiazine. 
208 0 c 

70% 

89 VIIb 
4- (2’- hydroxy -3-iodo-5-methylphenyl) -5-benzoyl -6- (4-

methoxyphenyl) -2-   imino- 6H- 2,3- dihydro-1,3-thiazine. 
118 0 c 

68% 

90 VIIc 
4- (2’- hydroxy -3-iodo-5-methylphenyl) -5-benzoyl -6- (-2- 

phenylethenyl) -2- imino- 6H- 2,3- dihydro-1,3-thiazine. 
1500 c 

60% 

91 VIId 
4- (2’- hydroxy -3-iodo-5-methylphenyl) -5-benzoyl -6- (2-

furyl) -2- imino- 6H- 2,3- dihydro-1,3-thiazine. 
89 0 c 

62% 

92 VIIe 
4- (2’- hydroxy -3-iodo-5-methylphenyl) -5-benzoyl -6- (-2- 

hydroxyphenyl) -2- imino- 6H- 2,3- dihydro-1,3-thiazine. 
98 0 c 

64% 

93 VIIf 
4- (2’- hydroxy -3-iodo-5-methylphenyl) -5-benzoyl -6- (-4-

chlorophenyl) -2- imino- 6H- 2,3- dihydro-1,3-thiazine. 
108 0 c 

65% 

 

Characterization data of compound 

Synthesis of 4- (2’- hydroxy -3-iodo-5-methylphenyl) -5-benzoyl -6- (4-methoxyphenyl) -2-imino- 6H- 2, 3- 

dihydro-1, 3-thiazine 

IR (KBr) νmax cm-1: 3368.81 cm-1 (s) O-H streaching in phenol, 3056.26 cm-1 (s) Ar-H stretching, 2836.03 

cm-1 (s) C=N-H  streaching, 2945.49 cm-1 (s) C-N-H  streaching, 1691 cm-1 (s)  C=N  streaching, 1256 cm-1 (s) 

C-N streaching, 1637.47 cm-1 (s) C = O stretching of aroyl gp, 1555.67-1604.39cm-1 (s) C=C ring stretching 

vibration in aryl gp,536 cm-1 (s) C-I stretching. 
1H NMR: [δ CDCl3]: 2.3 δ (S, 3H, Ar- CH3), 3.95-4.2 δ (S, 3H, O- CH3), 

3.6-3.9 δ (S, 2H, N-H & =N-H), 2.7 δ (S, 1H CHA), 6.5-8.2 δ (m, 11H, Ar-H). 

TOF MS ES+: 425 Molecular ion at 554.2 m/z assign the molecular formula C25H21IN2O3S  and 12751 Base peak  

at 229.1 m/z assign the molecular formula C7H6IO. 
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III. RESULTS AND DISCUSSION 

 

Compound VIa – VIf and VIIa – VIIf were synthesized through the route as shown in general reactions with 

R and R’ as shown in Table 1 and 2. Physical data are given in Table 1 and 2. The synthesized compounds Ie 

and IIe were confirmed on the basis of IR, NMR spectral analysis. 
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To Study the Adsorption Efficiency of Pb (II) from Aqueous 
Solution Using Low-Cost Adsorbent 

Anil R. Somwanshi 

Department of Chemistry, J.D. Patil Sangludkar Mahavidyalaya, Daryapur, Maharashtra, India 

 

ABSTRACT 

Lead is toxic to living systems and therefore it is essential to remove it from wastewater.The removal of Lead 

(II) ions from aqueous solution by using Phyllanthus emblica tree bark was investigated. Adsorption studies 

were performed by batch experiments. The effect of contact time, pH, adsorbent dose and temperature were 

explored. From the experimental data, the isotherm parameters of Freundlich and Langmuir were calculated. 

The equilibrium was best represented by the Langmuir. Langmuir adsorption capacity (Qo) was found to 

be3.28 mg/g. 

 

Keywords: Adsorption, Lead (II),Langmuir, Freundlich 

 

I. INTRODUCTION 

 

Many heavy metal ions are present in the form of pollutants in industrial effluent.Ground water and surface 

water gets contaminated by heavy metal ions released from the industries such as metal plating, metal 

finishing, rubber processing, fertilizers, mining etc1-2. Rapid industrialization has led to increased disposalof 

heavy metals into the environment. The Groundwater that contains an appreciable amount of iron or 

manganese or both is always devoid of dissolved oxygen and high in carbon dioxide content3. As far as is 

known, humans suffer no harmful effects from drinking water containing lead. However, lead interferes with 

laundering operation, imparts objectionable stains to plumbing fixture, and causes trouble in distribution 

systems by supporting growths of iron bacteria4. With better awareness of the problems associatedwith lead 

came an increase in research studiesrelated to methods of removing lead from wastewater,for which a 

number of technologies have beendeveloped over the years5. These technologiesinclude chemical 

precipitation, electro flotation, ionexchange, reverse osmosis and adsorption onto activatedcarbon. These 

methods are not cost-effectivein the Indian context. Low-cost and nonconventionaladsorbents include 

agricultural wastes,such as natural compost, Irish peat, planer shell, walnutshell, and biomass6-7. 
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II. MATERIALS AND METHODS 

 

Preparation of Adsorbent 

Phyllanthus emblica bark were collected from the Mahendri Forest region. It was wash with triple distilled 

water to remove impurities from it and then sundried for 4 days. Later on, the bark was cut in to small pieces 

with the mesh size 100. To activate the adsorption power of adsorbent the bark was wash with 0.1 N H2SO4 

and 0.1 N NaOH solution.   

Preparation of Solutions 

Standard solution of Leadwas prepared in deionised water. The concentration of Pb (II) was analysed by UV-

Visible spectrophotometer (model-117) at the wavelength of 460 nm.  

 

III. RESULTS 

 

Effect of pH 

The effect of pH can be done experimentally by taking 0.5 gm of adsorbent with working volume of Pb (II) 

200 ml having constant initial metal ions concentration and the contact time of 3 hours with shaking speed 

1000 rpm in the pH range 1 to 7 shown in fig.1. 

Effect of Contact time 

Study was carried out by taking 0.5 gm of adsorbent with working volume of Pb (II) 200 ml with known 

concentration of metal ions. It was observed that initially rate of adsorption is rapid up to 180 min with 

shaking speed 1000 rpm and then there was no further change in equilibrium concentration. Equilibrium 

time was found to be 300minutes for this adsorptionshown in fig.2. 

Effect of Adsorbent dose 

The effect of varying the adsorbent dosage (AC-PETB, AC- PETB-SLS and AC- PETB-AMPSA) from 0.2–1 

gram for adsorption of Mn (II) from their aqueous solutions having known volume of initial concentration 

was studied at pH 4 It has been found that the percent removal of Mn (II) increases with increase in 

adsorbent dose up to some extent, thereafter further increase adsorbent dose shown in fig.3. 

Effect of Temperature 

Effect of temperature was studied by varying the temperature from 30oC to 60oC with working volume 200 

ml having known concentration. Study was carried out at pH 4 and at 1000 rpm with contact time 3 hours 

shown in fig.4. As the temperature increases porosity increases and percent of adsorption increases up to 

certain extent and then remains constant this is due to chemisorptions process.  
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Isotherm Modelling 

Langmuir Adsorption IsothermThe Langmuir isothermmodel can be given as: 

1

𝑞𝑒
=  

1

𝑄0𝑏
×

1

𝐶𝑒
+  

1

𝑄0
 

The Langmuir constant Qo is a measure of adsorption capacity and b is the measure of energy of adsorption. 

In order to observe whether the adsorption is favourable or not, a dimensionless parameter ‘RL’ obtained from 

Langmuir Isotherm. The values of Qo and b were evaluated from the intercept and slope of linear plots of 1/qe 

vs. 1/Ce respectively.  

Freundlich Adsorption isotherm It is most commonly used adsorption isotherm model which describes 

adsorption on heterogeneous surfaces with interactions among adsorbed molecules. It helps to investigate the 

nature of adsorption and the adsorption capacity of an adsorbent. The linear form of Freundlich isotherm 

model is 

log qe= B. log Ce + log Kf 

Where, B and Kf are Freundlich constant. These constants represent the adsorption capacity and the 

adsorption intensity respectively. qe is the amount adsorbed at equilibrium(mg/g), Ce is the equilibrium 

concentration of adsorbate. 
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Table 1: Adsorption Isotherm Constants 

Metal ion 
Langmuir Isotherm Freundlich Isotherm 

Qo b RL R2 Kf 1/n R2 

Pb(II) 3.2820 0.2584 0.1492 0.999 1.544 0.025 0.999 

 

IV. CONCLUSION 

 

Tree bark prepared from Phyllanthus emblica shows good adsorption efficiency for the removal of lead (II). 

The removal efficiency was found to be rapid at initial stage and then slow down. The adsorption isotherm 

data was best revealed by the Langmuir adsorption isotherm where maximum adsorption capacity for the 

removal of Pb (II) was found to be 3.28 mg/g. The maximum removal efficiency was found to be at pH 4. 

Batch study indicatesthat as the temperature, adsorption dose, contact time increases adsorption capacity 

increases.  
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